SUMMARY To assess the relationship of late diastolic pulmonary valve motion to motion of adjacent cardiac structures, we performed two-dimensional and dual M-mode echocardiography on 15 pulmonary normotensive (group A) and nine pulmonary hypertensive subjects (group B). Simultaneous pulmonary valve and posterior aortic wall a-waves were less prominent in group B than in group A (p < 0.001), and their amplitudes were linearly related within each group (r = 0.83). Analysis of two-dimensional studies confirmed a relationship between pulmonary valve and posterior aortic wall late diastolic motion. No subject had independent presystolic motion of the pulmonary valve within the pulmonary artery. Subjects with shallow a-waves had impaired left atrial emptying compared with those with normal a-wave amplitudes (p < 0.01). We conclude that the pulmonary valve a-wave does not represent independent valvular displacement, but rather, reflects motion of the entire cardiac base. Variations in a-wave morphology may result, at least in part, from the effects of altered ventricular geometry and compliance on left atrial emptying.
THE DIASTOLIC WAVE FORM of the pulmonary valve echocardiogram includes a presystolic a-wave of uncertain origin and physiologic significance. Investigators disagree as to the relative contributions of transvalvular pressure gradients,'-5 transducer position" and left atrial emptying7 to the a-wave and its variations in disease states. The presence of nearly identical a-waves in the echocardiograms of the atriopulmonary sulcus,' aortic valve, and posterior aortic wall7 suggests a common a-wave origin. We used twodimensional and dual M-mode echocardiography to assess the relationship of late diastolic pulmonary valve motion to events in adjacent structures.
Methods
Two-dimensional and dual pulmonary and aortic valve M-mode echocardiographic examinations were performed on 24 adult subjects in sinus rhythm. The control group (group A) consisted of 15 subjects.
Twelve were normal volunteers without evidence of cardiopulmonary disease. Another control subject had lymphocytic lymphoma without apparent cardiac involvement. Two patients with coronary artery disease and normal pulmonary artery pressures at catheterization completed the control group. Group B was made up of nine subjects with pulmonary hypertension of various etiologies, including two with primary pulmonary hypertension. Pulmonary hyper-tension was defined as a pulmonary artery diastolic pressure greater than 15 mm Hg with a mean pressure of 22 mm Hg or more. The pulmonary artery pressure was confirmed by cardiac catheterization in the two group A subjects with coronary artery disease and in all group B subjects. Hemodynamic measurements were obtained within 2 days of echocardiographic examination except in subject 23, who was catheterized 21 days before study. Her clinical status did not change between the time of hemodynamic study and echocardiography. The study group's characteristics are summarized in table 1.
Echocardiograms were obtained with a commercially available phased-array sector scanner (Toshiba Sonolayergraph, Model SSH-1OA) with dual M-mode capabilities in a single transducer. The transducer was held in the third or fourth left intercostal space while real-time, two-dimensional, short-axis views of the heart were obtained at the level of the semilunar valves8 ( fig. 1 ). All studies were performed during quiet respiration. Motion of the pulmonary valve and posterior aortic wall was assessed qualitatively by reviewing multiple cycles in real-time and slow motion. We quantitated diastolic motion by measuring, frame-by-frame, the posterior displacement of the pulmonary valve and posterior aortic wall relative to One investigator performed all measurements. Measurements were repeated in several instances by another investigator, and intraobserver variability was considered very good by both investigators. Both investigators reviewed the dynamic two-dimensional studies and uniformly agreed on the qualitative findings regarding motion of the pulmonary valve and cardiac base.
The relationship of pulmonary valve motion and awave depth to posterior aortic wall motion and a-wave depth and to left atrial events was assessed by linear regression analysis. Statistical analysis of differences between the unmatched groups of subjects was performed using the t test. Table 2 is a summary of the dual M-mode measurements of the maximal pulmonary valve and posterior aortic wall a-wave amplitudes. Technically adequate studies were obtained in 15 group A and nine group B subjects. The amplitudes of simultaneous pulmonary valve and posterior aortic wall a-waves were diminished in group B compared with group A (p < 0.001). The a-wave of the posterior aortic wall was significantly deeper than that of the pulmonary valve in group A (p < 0.001), but the difference was not significant in group B. The amplitudes of simultaneous pul- The results of two-dimensional, frame-by-frame analysis of pulmonary valve and posterior aortic wall motion relative to a fixed, external reference point in 12 group A and eight group B subjects are presented in table 3 . Each subject demonstrated a significant correlation between pulmonary valve and posterior aortic wall late diastolic motion ( fig. 3 ).
Results
Review of the dynamic two-dimensional recordings confirmed that the pulmonary valve and posterior aor- valve cusps visibly bow toward the artery and away from the right ventricle during the PR interval or inscription of the a-wave. Table 4 shows left atrial data in subjects grouped according to a-wave amplitude, irrespective of pulmonary artery pressure. Subjects with diminished pulmonary valve a-wave amplitude had impaired left atrial emptying compared with subjects with normal a-wave amplitude (p < 0.01). Left atrial emptying did not correlate linearly with a-wave depth, however (r = -0.09). unique to the right heart. In normal subjects, there is little difference between the right ventricular and pulmonary artery end-diastolic pressures. As a result, the increased pressure transmitted to the pulmonary valve during right atrial contraction was thought to cause bowing of the mobile valve cusps into the pulmonary artery. The a-wave appeared to be the M-mode manifestation of this valvular motion.1-4 In valvular pulmonic stenosis, a-wave amplitude is increased. The deep a-wave appears to reflect presystolic doming of the cusps secondary to forceful right atrial contraction in the presence of a diastolic gradient across the stenotic valve." 9, 10 Nanda et al.2 and Weyman et al. 3 noted that a-wave amplitude was diminished in conditions associated with elevated pulmonary artery pressure. They concluded that the elevation of pulmonary artery pressure relative to right ventricular pressure inhibited cusp motion in response to right atrial contraction. The effects of transducer position and changes in cardiac position appeared to be of minor importance in the genesis of the pulmonary valve wave form.6" 11 In 1979, Acquatella et al.5 noted that early and late diastolic pulmonary valve motion correlated poorly with hemodynamic measurements. Pocoski and Shah7 had previously shown that early diastolic pulmonary valve motion correlated with the early diastolic motion of the posterior aortic wall. Building on the finding of Strunk et al. ' 2 that left atrial volume changes influence posterior aortic wall motion, Pocoski and Shah inferred that the early diastolic pulmonary valve wave form reflected transmitted left atrial wall motion, and suggested that late diastolic pulmonary valve motion represented the combined effects of left atrial volume changes and presystolic gradients across the pulmonary valve.
The atriopulmonary sulcus,' aortic valve, and posterior aortic wall exhibit late diastolic dips qualitatively similar to the pulmonary valve a-wave. Because systemic arterial pressure is greater than all but the most elevated pulmonary arterial pressures, the aortic valve a-wave should be diminutive or absent, according to the hemodynamic theory of a-wave origin. The presence of a qualitatively similar a-wave in the atriopulmonary sulcus and left heart suggests that a presystolic event, common to left-and rightheart structures and unrelated to minor changes in the low-pressure right ventricle, produces the a-wave.
Using simultaneous two-dimensional and dual Mmode'3" 14 echocardiography, we examined the relationship of pulmonary valve motion to the motion of the surrounding cardiac base. As in earlier studies,2-4 7 " we recorded decreased a-wa'e amplitude in patients with elevated pulmonary artery pressures, but we also noted that the amplitude of the simultaneously occurring posterior aortic wall a-wave was similarly decreased. Further, the amplitudes of the pulmonary valve and posterior aortic wall a-waves were correlated. Our findings suggest that the pulmonary valve and posterior aortic wall a-waves have a common PULMONARY VALVE MOTION/Green and Popp time and slow motion revealed a biphasic diastolic displacement of the entire base, including the pulmonary valve. The second phase of displacement occurred within the electrocardiographic PR interval and therefore represented the two-dimensional equivalent of the M-mode a-wave. Subjects with diminished a-wave amplitude on M-mode had diminished presystolic posterior displacement of the entire cardiac base on two-dimensional examination. Independent motion of the pulmonary valve within the pulmonary artery was not visible in any subject. Frame-by-frame analysis of pulmonary valve and posterior aortic wall motion confirmed the dynamic studies: In each subject, the late diastolic displacement of the pulmonary valve was closely related to the displacement of the posterior aortic wall. The two-dimensional and dual M-mode findings suggest that in patients without pulmonic stenosis, the pulmonary valve a-wave reflects motion of the entire cardiac base and not independent, intravascular cusp bowing in response to fluctuations in right-heart pressures. The variation in a-wave appearance in pulmonary hypertension represents altered motion of the entire cardiac base.
Our study expands upon the findings of Pocoski and Shah,7 who used M-mode echocardiography to image aortic and pulmonary valvular structure sequentially. A source of error in sequential M-mode studies is the beat-to-beat variability in hemodynamic and echocardiographic measurements. We eliminated this variable by using dual M-mode echocardiography, which permitted the recording of simultaneous rightand left-sided events. 13' 14 Although Weyman et al. 16 described the twodimensional appearance of the stenotic pulmonary valve in 1977, we are unaware of any high-resolution, two-dimensional analysis of pulmonary valve motion in normal or pulmonary hypertensive subjects. Twodimensional echocardiography allows visualization of a larger cardiac area than is possible with M-mode echocardiography. Because two-dimensional echocardiography permits real-time visualization of cardiac motion, the echocardiographer should appreciate independently occurring valvular motion. The absence of any apparent independent pulmonary valve displacement and the correlation between pulmonary valve and posterior aortic wall motion suggest a common influence on their diastolic patterns of motion.
The a-wave occurs within the electrocardiographic PR interval, follows the P wave in varying degrees of atrioventricular block, and is absent in atrial fibrillation. It therefore appears to result from atrial systole.2 The implication has been that right atrial systole is responsible for the genesis of the pulmonary valve awave. The anatomic proximity of the pulmonary and aortic trunks to the left atrium, however, suggests that, just as left atrial volume changes influence posterior aortic wall motion,12 left atrial events may affect the pulmonary valve's diastolic wave form as well.
Our findings support the hypothesis that diastolic pulmonary valve motion reflects left atrial volume changes. On dynamic, two-dimensional studies, the presystolic posterior displacement of the cardiac base was associated with the posterior motion of the contracting left atrial anterior wall. The association between decreased a-wave amplitude and diminished left atrial percent fractional shortening further supports the hypothesis that morphologic changes in awave appearance reflect variations in left atrial emptying. It is therefore not surprising that a-wave amplitude decreases in patients with disease processes (e.g., mitral stenosis and cardiomyopathy) that impair left atrial emptying. Further, pulmonary hypertension alone, without coexistent primary myocardial or valvular disease, results in decreased left ventricular compliance17 and echocardiographic findings suggestive of delayed left atrial emptying.18 19 The decreased left ventricular compliance may result from abnormal motion of the interventricular septum, increased septal stiffness, or altered left ventricular geometry secondary to right ventricular dilatation. '7 Impaired left atrial emptying can result and may be one explanation for the shallow a-wave in cor pulmonale and primary pulmonary hypertension.
In our series, left atrial size did not differ significantly between subjects with normal a-wave amplitude and those with shallow a-waves. This finding supports the hypothesis that left atrial emptying, and not simply left atrial size, influences a-wave morphology.
The contribution of left atrial systole to the motion of the cardiac base may explain why the amplitude of the posterior aortic wall a-wave is consistently greater than the amplitude of the pulmonary valve a-wave. The greater degree of aortic wall motion reflects the proximity of the aortic trunk to the left atrium. The pulmonary trunk is separated from the atrium by the aorta and transverse pericardial sinus, whereas the aortic trunk is separated from the left atrial anterior wall only by adipose tissue.20
Additional factors appear to influence the changes in pulmonary valve wave form seen in various states. In one of our subjects with primary pulmonary hypertension, the two-dimensional echocardiogram showed a predominantly rightward, rather than posterior, late diastolic displacement. We suspect that the lateral displacement resulted from altered dynamic geometry of right atrial and right ventricular contraction due to enlargement, hypertrophy, and rotation of the right heart. Because the displacement was perpendicular to the plane of the M-mode beam, a shallow M-mode awave occurred in the presence of a prominent, albeit lateral, two-dimensional a-wave equivalent. Thus, in certain circumstances, the shallow a-wave appearing on M-mode examination may reflect motion out of the plane of the ultrasonic beam rather than diminished displacement of the valve.
The present study is limited by the lack of complete catheterization data. Although hemodynamic data were available in all group B subjects, only two in group A were catheterized. Twelve of the remaining 13 , however, were healthy volunteers without evidence of cardiopulmonary disease. The remaining control subject had lymphoma without apparent cardiopul- monary involvement. We doubt that any of these subjects had significant pulmonary hypertension.
Our study population was unmatched. This feature may bias our results, as group A subjects tended to be younger than those in group B. The increased rigidity of valvular and vascular structures associated with increasing age could account for diminished pulmonary valve excursion in group B. The absence of independent, intravascular pulmonary valve displacement in any subject, however, suggests that age-induced variations in cusp pliability play no significant role in the inscription of the a-wave.
The concept of left atrial percent fractional shortening is based on the correlation of echocardiographically derived left atrial dimension with angiographic left atrial volume determinations.2' Changes in left atrial dimension should therefore reflect changes in left atrial volume. This index has not been validated, however, and is theoretically only a rough reflection of left atrial events.
The present study addresses the problem of pulmonary valve motion in normal and pulmonary hypertensive subjects. The results should not be extrapolated to patients with valvular pulmonic stenosis. Weyman et al.l' presented two-dimensional echocardiographic evidence of presystolic valvular doming in pulmonic stenosis. Their findings suggest that independent cusp motion occurs in valvular pulmonic stenosis, in contrast to our findings in normal and pulmonary hypertensive subjects.
In conclusion, the late diastolic pulmonary valve echocardiogram does not represent independent valvular motion within the pulmonary artery in patients with normal or elevated pulmonary arterial pressures. Instead, the a-wave appears to be an M-mode reflection of posterior displacement of the entire base of the heart. Patients with elevated pulmonary artery pressures have shallow pulmonary valve and posterior aortic wall a-waves, reflecting changes in the motion of the cardiac base. These changes appear to result, at least in part, from the effects of altered right and left ventricular geometry and compliance on left atrial emptying.
